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ABSTRACT 

An equation has been developed for a generalized transistor amplifier 
network, expressing the relationship that must be maintained between cir- 
cuit elements and the transistor small-signal parameters for minimum gain 
variations over wide temperature ranges.  Employing a single-stage conunon- 
emitter amplifier with collector-to-base feedback and various degrees of 
mismatch relative to the design criteria, the relationship was checked 
from -50 to +90° C at 10, 100, and 500 kc,  Results show that considerable 
improvement in gain stability can be obtained in ?jgoing from the unmatched 
to matched condition, but with some reduction in Übe overall gain, the 
loss being dependent on the relative magnitude of the generator and tranr 
sistor input impedances. 

The normalized gain variations were reduced from a maximum of 18 db 
to less than 2 db over the temperature range. 

1. INTRODUCTION 

One of the more perplexing problems arising with the use of transis- 
tors as active elements in amplifier circuits is that of gain variations 
with temperature. 

Although many theoretical studies have been made and equations devel- 
oped by various investigators (ref 1, 2) that indicate the temperature 
dependence of the intrinsic parameters of a transistor and under what 
conditions improvements could, fee expected, this temperature dependence is 
inherent in the materials, physics, and design of the device and cannot 
be readily corrected without, degrading other performance characteristics. 
Although considerable improvement in the gain stability of transistor am- 
plifiers is obtained with various temperature-compensating techniques 
(ref 3-5) and devices (such as thermistors, temperature-sensitive diodes, 
and degenerative feedback), the need for additional improvement still 
exists.  Hence, the recent work by Schmeltzer (ref 6), showing that 
additional gain stability can fee obtained when a given relationship is 
maintained between circuit elements and the temperature-dependence small- 
signal parameters of the transistor, is of considerable interest.  His 
work, unfortunately, was limited in scope to a common-emitter amplifier 
circuit using an emitter resistance as the degenerative feedback. 

The present investigation was initiated to develop a more generalized 
design equation expressing the relationship that should be maintained be- 
tween circuit elements and transistor parameters for minimum gain varia- 
tions over wide temperature ranges and that would be valid for any network 
configuration. 

* 
2. DEVELOPMENT 

A general single-stage amplifier network can be represented by the 
circuit shown in figure 1 where the matrix [z] represents the active 
device in an unspecified configuration,.  From this general network, any 

• 
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Figure 1.  A generalized single-stage amplifier network." 
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specific amplifier circuit desired can be readily obtained by allowing 
the components Z to assume values from zero to infinity 

a'  f" g'    r'    L 
and the characteristic matrix [z] to describe the transistor configuration 
of interest. 

To simplify the development of the overall voltage gain (A), the 
variation of which is to be minimized with respect to temperature changes, 
the general network in figure 1 is subdivided into four subnetworks as   • 
indicated in figure 2.  From the equations relating the currents and 
voltages of the subnetworks, the terminal characteristics of each can be 
obtained and, if properly combined, the overall terminal characteristics 
%nd voltage gain equation of the general network derived. 

2.1 Terminal Characteristics 

Starting with the individual ap'jnetworks (A,B,C, and D), the 
characteristic equations describing the terminal behavior are: 

Subnetwork A 

Xl  = X2 

Vl = V2 + Zg h 

(1) 

(2) 

or in matrix form 

vi  r 1 
v2 

(3) 

where 

w= (1) {+Z ) 
g 

(0)   (1) 
(4) 

Subnetwork B 

i  = (Y + Y.) v  - Y v 
1     a    f   1    f üJ 

-2  =' -yfVl + (YL + Yf> V2 

(5) 

(6) 
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Figure  2.     Subnetworks  of   the  general   network. 



in matrix  form 

whejre 

=  [' 11 (7) 

1 

H 
(Ya+Yf)  (-Yf) 

_(-Yf)  (YL +. Yf) 
X8) 

Subnetwork C 

v  = z 1  + z i 
1     11 1   12 2 (9) 

V2  = Z2lh + Z22X2 (10) 

in matrix form 

1  =  [z] 

LV2 

^1 
L^J 

(ID 

where 

[z] = 

(z* )  (z „) 
11    12 

L^l*     (Z22) 
(12) 

Subnetwork D 

v = v 
1   2 

v0 = Z i1 + Z i. 2   r 1   r 2 

'(13) 

(14) 

in matrix form 

_             f 

vl 

„V2- 

= \] (15) 

9 



where 

-n 

H= 
-{Z )  (25 ) 

r    r 

L(ZJ  (Z ) L r    r 
(16) 

The subnetworks are now combined as shown in figure 3. 

Beginning with the series combination shown in figure 3a it is 
apparent that 

vi = v1 + v^ 

V2 ^ v2 + v2 

i^i^ xl 

(17) 

(18) 

(19) 

i2 = i2 =•• i2 (20) 

and if the indicated operations of equations (17) and (18) are complied 
with, the characteristic equations of subnetwork CD are obtained and can 
be expressed as 

where 

CD 

L^J 

CD 

(Z11 + V  (Z12 + Z.) 

(z. 
1* + Zr)  (z22 + Zr> 

(21) 

(22) 

Next; with the parallel combination of subnetworks B and CD (fig 3b) 
the following relationships exist,. ' 

h* h 
X2  +' h 

(235 

(24) 

v1  = . v]L = vi 

V2 = V2 

(25) 

(26) 

10 
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Figure 3.  Combination of subnetworks to form the generalized network. 
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From the operations indicated by equations (23) and (24),   the terminal * 
equ&tions for subnetwork " 

where 

1. BCD 

(y +y„ + 
z  + Z 
22   r 

a f  As + Z z 
(„Y „. 

z  + Z 
12   r 

T      S 
f  Az + Z z 

r  s 

(-Y. 
Z21 + Zr v Zn + Zr 

L  f  Az + Z  z     L f T' Az + Z z J 
r s »r s 

(27) 

(28) 

and 

Az = Z-, z„„ - z z 
11  22    12 21 

ZU   4' z22 " Z12 " Z21 

(29) 

(30) 

Finally, subnetworks A and BCD are now cascaded as shown in 
figure 3c where the characteristic equation for each subnetwork is 
expressed as 

vl' r 
v. 

1 

_ " ^ 

AA\ J . t 

S J 
(31) 

for subnetwork A,   and 

L  2 J 
\ 3CD 

2 

(32) 

for subnetwork BCD, However^ ^ince 

.1    2 (33) 

and 

(34) 

12 



*B<lW% 

•then 

v. 
« 

V 
r   f i 

V 1 r         , 1 , •/ ., 

.h. 
= LA*J .hi 

=: AA . / 
_X2 

= [AA ' 
r.     1 \~ 

ABCD 
L 9     J i1

2 _ 
(35) 

or 

L^J 

V 

2 J 
'       (36) 

By proper transformation, equation (36) can be rewritten and expressed 
in the form 

Lv2 
= H 

2 J 

(37) 

where the elements of Z  are the terminal characteristic impedances 
of the generalized network: * 

•z +Z +(Y +Y„) (Az+Z z 
Z„ = ü +■ -^  r  L f      r s 
11 "' g   K+K^  + Y Az+Y zn +YTz Is   s   .a 11 «L 22 

(38) 

z  +Z + Y„(Az+Z z ) 
12  r   f    r s 

12 " K+Klzs + Ys ^+Yazii+YLZ22 (39) 

z  +z + Y„(Az+Z z ) 
Al    r        f    r s 

21  K+K1zs + Ys Az +_ yaZ11+YLz22 (40) 

z  +Z + (Y +Y-) (Az+Z z 
s  _ __££__£ a f r s 
22 ~ K+K z + Y Az"T~Y^~+YTz0„ Is   s      a 11  L 22 

(41) 

and 

K = 1 + Z  (Y +Y ) 
x    3.  Ij 

K. = Y Z +Y^ 
i   s r  f 

(42) 

(43) 

13 



(44) 

Zs   =   Zll  +  222  *  zi2   "  z21 

Az,  =;  z.,znn   -  z„„z 
11 22 12  21. 

(45) 

(46) 

2.2     Voltage Gale 

A 

With the  veltage  gain of  any .system  defined 

v 
out 

in 

the overall gam ol th^ generalized network can be expressed as 

Z_ 1 + Z i 
21 1 ^ 22 2 

Z1111 *■ Z12±2 

(47a) 

(47b) 

By assuming that 0  (fig 1>? the gain expression reduces to* 

A = 
v  Z_ 

"21 

11 (48) 

Substituting into the above relaöion, equations (38) and (40) the 
^overall voltage ga.^ is obtained as a functiqp of the general'network 
ana  active ■ device tejnnin.a.l parameters 

* 
Z2l+Zr '*' Yl ^^z+z z ) 

* ■ • 

where 

(49) 

k =3«Z Z (Y +Y +Y +Y ' 
g r g a L r' (50) 

"   •   kl  - Zg(YaWf+YfYL)   *   V4 (51) 

1 

14 



■    . . 

Z  Z   (Y Y+Y Y„+Y.YT)   +  Z  Y  +Z  YT+Z  Y. 
graLaffL gfrLrf 

(52) 

ko = Y Z +1 3   a g 
(53) 

YZ 
L g 

(54) 

Finally, in order to express the gain in terms of temperature dependent 
transistor equivalent circuit parameters, it is necessary to substitute 
for the black-box a specific transistor equivalent circuit.  With com- 
mon-emitter orientations predominating in amplifier circuits, further 
development will be confined to the common-emitter hybrid-Tf equivalent 
circuit (ref 8) shown in figure 4.  To simplify the development for 
the terminal characteristics, in terms of the equivalent circuit 
parameters, the hybrid-rr representation is generalized to that*in figure 
4b where 

Zl = rbb' (55) 

Z2 = rb'e! b'e (56) 

Z„ = .r   I | C. . 
3   b' c   ;b ! c 

Z. = r  :  C 
4   ce' ' ce 

(57) 

(58) 

Solving the loop equations 

v1 = (Z1+Z2)i1 + Z2i3 

0     =   (Zb+Z3+Z4)i3  + Z2irZ4i2+gm  rbeZ4 

V2 = Kh  " **\<eZf\H 

(59) 

(60) 

(61) 

for v  and v as functions of i and 1 we get 

2 J 

(62) 

15 
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Figure 4.  Transistor» equivalent circuits. 
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where 

= Z,   + 
Z„(Z   +Z   ) 2     3     4 

11     i    VVWA (63) 

Z2Z4 
12       Z2+Z3+Z4+Z2Z4gm 

(64) 

Z2Z4(1-^Z3> 
-21  " Z2+Z3+Z4+Z2Z4gm 

(65) 

Z4(Z2+Z3) 

22       Z2+Z3+Z4+Z2Z4gm 
(66) 

If the ypper frequency is now limited to that below which all reactive 
effects can be ignored and assuming that r    » r    r    r 

b'c     bb" b'e'  ce 
(ref 9) the equivalent circuit will reduce to that in figure 4CL and 
the terminal parameters, in terms of the equivalent circuit parameters, 
become 

z  = r   + r 
11   bb' + h<e (67) 

12 (68) 

Z21 '  "rb'e rce .gm (69) 

z  = r 22   ce (70) 

Substituting the above terminal parameter equivalents into 
equation (49), the overall voltage-gai.n is 

Vrb'ercegm
+Yf^ce(r;b-+rb.e

) + Zr(rbb'+rb-e+rce+rb-eW^ 
V k+(rbb.+rb.e) (kirce+k3) + Vce+k2 (rbb-+rbie+rce+rb.ercegm) 
A = (71) 

© 17 
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Although the gain equation is now expressed as a function of 
all the cirquit and hybrid parameters 

Av = fl (rbb" rb'e^ .rce^ V V Zt'   Zg' 
Zr' V (72) 

* 

« it can be assumed that # 

dl ^a^f^g^r^V = 0 (73> 
*  » 

Hence^ the voltage-gain variations due to temperature are determined 
by the temperature dependence of t^e parameters  r  ,, r , , r »,  and 
g and expressed as bb   b e  ce 
m 

dA    dA  dr      . ÖA dr      aA dr  ÖA dg 
 v _   v   bb'   v  b'e     v  c£  v em 
dT~ör   "dT  + är, ,   dT  + dr   dT äg  dT (74) 

bb'   •      b'e ce      &m 

If the temperature coefficient, the change in parameter per 
degree centigrade, is defined as 

* 

  9i = dT (ln ^ ;= I dT • (75'): 

or 

di 
dT    i 

where 

b = r^,  dT ~ 
bb' 

dr 
1    b'e 

(76) 

then equation (74) ^an be rewritten 

dA    5A               aA dA ÖA 

-^ = är~ (rbb>eb) + aXr ^b'eV + öTL-(rceec) + äi1 (^V     (77> bb'             b'e ce m 

(78) 

(79) e  r, ,   dT 
b'e * * 

dr 
ec - 7- "dF * <80) 

ce , 

18 
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M " g  d T 

m 

Optimizing for the condition of minimum or zero gain variation with 
respect to temperature^ 

dA 
v 

=  0 

leads to the expression 

dA dA 
(r^.e,) + 

9rbV -bb-b' 
(r, , 9 ) + 

är    --fo'e-e' ' ^r 
b'e u ce 

öAV aA 
(r 0 ) + —I (g 9 ) = 0 * 
ce c   9g  v&m m  • 

m 

(81) 

(82) 

(83) 

Performing the indicated operation, the design criteria which must be 
met for constant voltage gain with temperature (in terms of the network 
and transistor equivalent circuit parameters) for a generalized common- 
emitter single-stage amplifier are 

.S4 (9m  + V   (C1   + C4   rce)   +  rbb.   (ee   ^ V   (C3  + C2   rce) 

+ VlVe   rce  +   (^b'   +  rb'e} .(   C29M 'ce  + W} 
* 

'    + gK.Q <! (CK  + C/>   r       + C,  g    T (9     r + 9     r       ) b e   j      5 6     ce 7  6ce b     bb' e     b'e 
» • 

+  0c   <rbb'   +   rb.d
)   (C8  +  C9   rbb.   +  C

9   rb-e)   + C10   ecf=  0     <84) 

whe re 

C     ==  -   (1+Z  Y   )   (Z  +Z  +Z  Z Y   ) 1 rL grgra g   r  a (85) 

C     =  -   (Y     + Y  )   (1   + Y-,Z     +  Y^Z   ) 
L f a g f (86) 

(1   +  Z Y  )   (1+Y  Z     + Y^Z   ) 
r L a  g   •     f g 

C    =  -   (Y    -i- Y.)   (Z     + Z     + Z  Z Y  ) 4 L i g r gra 

C5  =     YfZg   (1   +  Z^Y^   ~   Z-   (YT   + YJ   (1   + Z  Y   ) r L r       L f g  a 

(87) 

* 
(8£) 

(89) 

19 



Y  Z   (Y,   +  Y.) 
f g     L f 

(90) 

G    =-Z   (1  + Z Y  )   (»1   + Z YT ) 7 r ^  a r L 

C0  =  Z   (Y,-YT)   (1  -  Z  Y  ) + Y^Z     (1   -  Z Y,,) 
8 rfL      . ga fg rL- 

C„  = Y  (1,+ Y Z     + Y^Z  ) 
9 f a g f  g 

(91) 

(92) 

(93) 

C,„=  -Z Y, (Z     +  Z     +  Z Z Y   ) 
10 r L    g r g  r a 

(94) 

The generalized  design criteria  are  now  considered  for three 
special  cases  where  various  combinations  of    Z   ,   Z   ,   Y   ,   and Y_     are r r  g  a      f 
equal to zero. 

2.3 Special Cases 

Case I: (Z ,   Y , Y_ = 0) 
r'  a'  f 

(l+YTr    )   [Z   (9+9   ), +  rUUI(0  -9W)]   + Z     r       g, .     © LceLgMe*        bb'eb-1 gceb'ec 

bb' b!e L M    ce e 
(95) 

Case   II (Y   ,   Y.  = 0) 
B. X 

r g    < (9  +9  )   (C'   +C'   r.   )   + r, , , (0  -6   )   (C'+C-'   r     ) 
m  1      M    e         1       4  • ce           bb'       e    b 3    2     ce     « 

+ ecgb-e  rce  Ci   +   (rbb.+  rb'e) (C2  \ 'ce  * C?e^ 

+gb'e    <!-(C5  + C7 gce)   (9b  rbb' + %  ^'^   + 9cC5   (rbb'+rb^ 
L 

+ c ' .    10 
(96) 

20 



where 

C; (1  + Z YT)   (Z     + Z  ) 
r L g r (97) 

C2   =  "  Y
L 

(1  + Z YT) 
r L 

Ci  =  - Y
T(Z„+Z„) 

Cl ~ 

L    g     r 

Z YT      • 
r L 

-2   (1  + Z Y, ) 
♦ r r L 

-Z  YT r L 

iO r L    g     r 

(98) 
® 

(99) 

t 

(100) 

(101) 

(102) 

(103) 

(104) 

Case  III; (zr = 0) 

{■ ,   •(&'+ 9 > (c; + c* , 
e 1 4    ce bb'       e 

+ C.   r    )  + r (( 
9b)   (C3  +  C2   ^^ 

+ ecCI  gb'e   rce  +  ^bb'   + \,J   ^2 \ r
Ce  + ^ «e^ 

h gb^e <   (C5  + C6  rce>   <0b -bb-   - %  rble) 

+ !c(rbb.   +rb'e>   (C9rbb.   +C9rb.e+C^)    =° (   105) 

.where 

C'  =  -Z 
1 g (106) 

C2   =   -   (Y     +  Y   )    (1  + Z     Y     +  Z  Y   ) 

(1   + Z  Y     + Z Y J 
g  a g  f' 

(107) 

(108) 
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*^ä«fe 

C4  =  - Zg(YL  + Yf)                 . (109) 

m 

C5  "rYfZg •                                                                 (110) 

C6 = yfZg(YL'+ V (HD 

^8  -   Vg *      (112) 

C;  =  Yf(l   4- Zg  + Ya  +  ZgYf) ai3) 

By  utilizing  the  temperature coefficients 

eb = 2.3/T s          ""                               :                           (114) 

ee=.3-2/T'                 -• •                                        •                                   (us) 

•1/T (116) 

ec =-0.5/T . (117) 

which Eschelman hai   shown   (ref  1)   closely  approximates  the  measured 
temperature  variation  of  the  equivalent   circuit   parameters  for an 
alloy-tfunction-txpe  transistor,   along with the assumption that 

^ce   > ZL> rb'«  > rhbf   anÖ  0r  ^ 0'   the  sPeclal-case- desigh  criteria 
are   further reduced  to: 

(118) 

(119) 

     b'e 
- ___—_ (120) 

2,2+3.2    ~H_£_£ _ r       (Y    + Y  ) 
Bm b'e    a f' 

Case I:     ■ 

i  Ve 
: " 2.2 Z       : 

g 
w 

Case II: 

rb'Je 
2U2 

Z    = 
g 

-  Z r 

Case III: 
• 

22 



1 
3.   EXPERIMENTAL VERIFICATION 

9 

To establish the validity of the developed design criteria, aif 
experiment was performed to determine the voltage-gain stability over 
wide temperature ranges for various degrees of mismatch relative to 
the design criteria. 

3.1 Method / , 

Employing the monitoring techniques and environmental controls 
as indicated in figure 5,  the voltage gain was measured for the transis- 
torized amplifier circuit shown in figure 6 (special case III), from 
-50 C to 90 C and at frequencies of 10^100, and 500 kc.  Prior to any 
measurement of the voltage gain, a minimum of 30 min was allowed for 
temperature stabilization of the transistor junction once the desired 
environmental temperature had been reached. 

To ascertain the effect of mismatch, Z was varied to discrete 
values of 200, 1000, and 488 ohms, the latter befng determined from 
the design criteria equation (120) for 'the 2N384-tyDe transistor as 
the test specimen (Appendix A) „ 

To check independence of load, ZT values of 2000 and 5000 ohms 
were used with a Z  of 488 ohms. L' 

g 

3.2 Results 

Figure 7 illustrates the average voltage-gain variations 
measured for ten 2N384 transistors as a function of temperature at a 
signal frequency of 100 kc for various values of Z and Z   The results 
obtained for the signal frequencies of 10 and 500 Ic wereLalmost identi- 
cal with those in figure 7.  The small differences could be attributed 
to experimental error in measurement, thereby validating the assumption 
made earlier that reactive effects could be neglected over the frequency 
band of 10 to 500 kc for this transistor. 

It should be noted that the gain variations, shown in figure 7 
.have been normalized and hence are independent of system gain.  The 
average voltage gain for each Z and Z  combination, of the ten 2N3S4-S 
measured, is shown in Figure 8. 

* • 
3.3 Discussion 

e 

The apparent discrepancy that optimum stabilization was 
achieved with a Z  value of 200 ohms instead of the calculated value of 
488 ohms (fig. 7) possibly resulted from using the manufacturer's data- 
sheet values of rbb,, r^, and gm instead of values actually measured 
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for each transistor^ coupled with temperature coefficients not specifi- 
cally evaluated for this transistor type.  This could also explain the 
slight effect of load (Z ) on the gain variation^ since the load was 
varied with respect to a Z of 488 ohms, which would not have been the 
matched condition had accurately measured parameters and temperature 
coefficients for the 2N384 been used. 

From the experimental results? it is clearly evident that 
considerable improvement in the stabilisation of gain as a function of 
temperature can be obtained as the magnitude of Z  approaches the value 
specified by the design criteria.  However, for tnis improvement in 
gain stability some reduction in the overall gain of the system may 
result.  The amount of gain reduction will be dependent upon the ratio 
of Z to the input impedance of the transistor (Z,,) as seen in figure 8. 
Genelally, the smaller Z is with respect to Z  ,  the higher the overall 
gain will be for a given^lnput signal.  This will necessitate a compro- 
mise value for Z„ in a multistage system, since Z  will influence the 
effective load of the preceding stage. 

4. CONCLUSIONS 

Considerable improvement in gain -stability over wide temperature 
ranges can be obtained with the utilization of the design relation- 
ship developed in this investigation.  The degree of optimization de- 
pends upon the accuracy with which the parameters and temperature 
coefficients for a particular transistor have been determined, the 
simplifyiftg apj>roximations, and the amount of gain loss allowed. 
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Calculation of Z for special case III 
g 

Transistor lype - 2N384 

Transistor parameter 

r.. , & 50 ohms 
DD ' 

r. , «a 1040 ohms 

-3 
g f» 50 x 10  mhos 
m 

f Äj 100 mc/s 

Circuit parameters 

Z = 27 x 103 ohms 

3 
Z     = 33 x 10  ohms 
a 

r 
z a b_^e  

tr y    IT (12' 
f b'e 

2.2 + 3.2  ^ P e - r   (Y + Y^) 
g      be  a   f m 

;Z = 488 ohms 
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